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Abstract
Phenolic compounds in pig diets, originating either from feed ingredients or addi-
tives, may occur as glycosides, that is conjugated to sugar moieties. Upon ingestion, 
their bioavailability and functionality depend on hydrolysis of the glycosidic bond 
by endogenous or microbial glycosidases. Hence, it is essential to map the glycosi-
dase activities towards phenolic glycosides present along gut. Therefore, the ac-
tivity of three key glycosidases, that is α-glucosidase (αGLU), β-glucosidase (βGLU) 
and β-galactosidase (βGAL), was quantified in small intestinal mucosa and digesta 
of piglets at different gastrointestinal sites (stomach, three parts of small intestine, 
caecum and colon) and at different ages around weaning (10 days before and 0, 2, 5, 
14 and 28 days after weaning). Activity assays were performed with p-nitrophenyl 
glycosides at neutral pH. The αGLU activities in mucosa and digesta were low (overall 
means 1.4 and 60 U respectively) as compared to βGLU (15.2 and 199 U) and βGAL 
(23.4 and 298 U; p < .001). Moreover, αGLU activity in mucosa was unaffected by age. 
Conversely, βGLU and βGAL activities dropped significantly after weaning. Minimal 
levels, ranging between 18% and 54% of the pre-weaning values, were reached at 
5 days post-weaning. Similarly, in small intestinal digesta, reductions from 60% up 
to 90% were observed for the three enzyme activities on day five post-weaning as 
compared to pre-weaning levels. In caecal contents, activities were lowest at 14 days 
post-weaning, while in stomach and colon no clear weaning-induced effects were 
observed. Our data suggest that weaning affects the glycosidase activity in mucosa 
(mainly endogenous origin) and digesta (primarily bacterial origin) with the most pro-
nounced effects occurring 5 days post-weaning. Moreover, differences in activities 
exist between different glycosidases and between gut locations. These insights can 
facilitate the prediction of the fate of existing and newly synthetized glycosides after 
oral ingestion in piglets.
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1  | INTRODUC TION
Plants produce a whole array of secondary metabolites, also known 
as phytochemicals. These bioactive compounds are part of the 
plants' protection mechanism against different agents and stress-
ors, besides contributing to their colour and flavour. Upon ingestion, 
many phytochemicals have been shown to be beneficial for both 
human and animal health, mainly because of their antioxidant, an-
timicrobial and anti-inflammatory properties. In this context, phy-
tochemicals have been recognized by the feed industry as potential 
alternatives for in-feed antibiotics in animal production (Martinez, 
Mackert, & McIntosh, 2017; Valenzuela-Grijalva, Pinelli-Saavedra, 
Muhlia-Almazan, Domínguez-Díaz, & González-Ríos, 2017; Yang, 
Chowdhury, Huo, & Gong, 2015). This is particularly relevant for the 
pig industry, as this sector is responsible for the largest share of the 
global antimicrobial consumption by food-producing animals (Van 
Boeckel et al., 2015). Additionally, the use of antimicrobials is partic-
ularly elevated in the post-weaning period, when piglets are stressed 
and vulnerable to infectious diseases (Callens et al., 2012; McEwen 
& Fedorka-Cray, 2002).
Phenolic compounds, consisting of one or more aromatic rings 
with one or more hydroxyl groups, are the most abundant type of 
phytochemicals (Balasundram, Sundram, & Samman, 2006). Feed 
additives are not the only potential source of phenolics in animal 
diets, as substantial amounts are also present in common feed ingre-
dients, such as genistein, daidzein and glycitein in soybean (Manach, 
Scalbert, Morand, Rémésy, & Jiménez, 2004), and phenolic acids like 
ferulic, salicylic and p-hydroxybenzoic acid in the cereals corn, wheat 
and barley (Dykes & Rooney, 2007). Many natural phenolic com-
pounds are found as β-glycosides, that is conjugated to mono- or di-
saccharides, rather than as free compounds (aglycons) (Balasundram 
et al., 2006; Hollman et al., 1999; Vermerris & Nicholson, 2007). 
Glucose is probably the most abundant sugar moiety (e.g., in an-
thocyanins, isoflavones, flavonols), but glycosidic bonds with other 
sugars such as rhamnose, galactose, xylose and rutinose occur com-
monly as well (Manach et al., 2004). Glycosylation is known to alter 
the functionality of phytochemicals, with the glycoside generally 
being less bioactive than its aglycon (Landete, Curiel, Rodríguez, de 
las Rivas, & Muñoz, 2014). Hydrolysis of these glycosides after in-
gestion might be favourable or disadvantageous for animal health, 
depending on the nature of the phytochemical. Indeed, some agly-
cons show a higher antimicrobial (Levent et al., 2016) or antioxidant 
(Landete et al., 2014) activity than their glycoconjugates, while other 
plant glycosides release a toxic aglycon upon hydrolysis (e.g., hydro-
quinone from arbutin) (Blaut et al., 2006). Next to functional alter-
ations, glycosylation also influences the absorption, and thus the 
bioavailability, of phenolic compounds. While free phenolics can be 
readily absorbed from the small intestine, their glycoconjugates gen-
erally have to be hydrolysed before absorption (Manach et al., 2004), 
with the exception of some monoglucosides which might be actively 
transported across the intestinal enterocytes by the sodium-de-
pendent glucose transporter SGLT1 (Day, Gee, DuPont, Johnson, 
& Williamson, 2003; Hollman, De Vries, van Leeuwen, Mengelers, 
& Katan, 1995). Hydrolysis rates in the gut have been shown to be 
highly dependent on the sugar moiety to which the phytochemical 
is bound (Arts, Sesink, Faassen-Peters, & Hollman, 2004; Hollman 
et al., 1999; Keppler & Humpf, 2005). For instance, the relative bio-
availability of the quercetin glycosides quercetin-3-O-glucoside and 
quercetin-3-O-glucorhamnoside in pigs were approximately 50% 
higher and 75% lower, respectively, as compared to their aglycon 
(Cermak, Landgraf, & Wolffram, 2003). Consequently, insights in 
the hydrolysing capacity present along the gastrointestinal (GI) tract 
of piglets are essential to understand and predict the fate of glyco-
sides after ingestion. Moreover, this knowledge might be useful for 
the synthesis of new glycoside prodrugs for targeted drug delivery 
(Chourasia & Jain, 2003).
Glycoside hydrolases (EC 3.2.1.-) form a large group of enzymes 
which hydrolyse the glycosidic bond between two or more carbo-
hydrates or between a carbohydrate and a non-carbohydrate moi-
ety (Carbohydrate-Active Enzymes [CAZy] database, http://www.
cazy.org/Glyco side-Hydro lases.html). These glycosidase enzymes 
are widespread and might be host-derived (Day et al., 1998) or 
originate from the intestinal microbiota (Keppler & Humpf, 2005). 
The aim of this study was to determine the terminal glycosidase ac-
tivity, facilitating the hydrolysis of phenolic glucosides, in mucosa 
and digesta at different sites along the GI tract of piglets. Three 
glycosidase activities were selected: α-glucosidase (αGLU), β-glu-
cosidase (βGLU) and β-galactosidase (βGAL), because the corre-
sponding glycosidic bonds occur frequently in feeds (α-glucosidic 
bonds from starches, and phenolic β-glucosides and β-galactosides 
(Manach et al., 2004)). Moreover, since the weaning period is a crit-
ical phase during which piglets could benefit from the administra-
tion of phytochemical compounds, we also investigated whether 
weaning alters the glycosidase activity and thus potentially the 
bioavailability of plant glycosides.
2  | MATERIAL S AND METHODS
2.1 | Experimental animals and sample collection
The authors confirm that the ethical policies of the journal, as 
noted on the journal's author guidelines page, have been adhered 
to. The study was conducted in accordance with the ethical stand-
ards and recommendations for accommodation and care of labo-
ratory animals covered by the European Directive (2010/63/EU) 
on the protection of animals used for scientific purposes and the 
Belgian royal decree (KB29.05.13) on the use of animals for ex-
perimental studies. No ethical approval was required for this trial 
as animals were kept under farm practices without interventions 
causing harm equivalent to, or higher than, that caused by the in-
troduction of a needle in accordance with good veterinary prac-
tice, and because animals were killed solely for the use of their 
organs or tissues (2010/63/EU).
The trial was performed on a commercial farm with 36 piglets 
(Piétrain × Danbred), all born on the same day and originating from 
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six sows. Ten days before weaning, six median weight piglets per 
sow were selected for further follow-up. During the suckling pe-
riod, no creep feed was provided. Upon weaning, at 22 days of 
age, the animals were randomly distributed over three pens, where 
they received feed and water ad libitum. The composition of the 
weaner (d0-14) and starter diet (d14-d28) can be found in Table 1. 
Piglets were sampled at six time points: 10 days before weaning 
(w−10), on the weaning day (w0) and 2, 5, 14 and 28 days after 
weaning (w+2, w+5, w+14 and w+28 respectively). The animals 
were not fasted in order to have enough intestinal contents. Per 
sampling day, one piglet from each sow (n = 6) was humanely sac-
rificed. Animals were first sedated with an intramuscular injection 
of xylazine (0.3 mg/kg body weight), followed by euthanasia with 
an overdose of sodium pentobarbital (200 mg/kg body weight) and 
exsanguination. Subsequently, the entire GI tract was removed and 
divided into six sampling sites for digesta: stomach, three parts of 
small intestine (SI1, SI2 and SI3, corresponding to segments of 0%–
25%, 25%–75% and 75%–100% of the total length respectively), 
caecum and mid-colon. The contents were collected by gently 
squeezing the intestines. Next, a 20-cm section of the small in-
testine was obtained at 2.5% (duodenum), 25% (proximal jejunum) 
and 75% (distal jejunum) of the total length. Sections were rinsed 
with 0.9% saline and further processed on an ice-cold surface. The 
tissues were slit longitudinally and the mucosa was collected by 
gently scraping with a glass slide. To obtain homogeneous repre-
sentative samples, the mucosa was transferred to a glass beaker 
and stirred with a sterile forceps. Aliquots of both digesta and 
mucosa were snap-frozen in liquid nitrogen and stored at −80°C 
pending extraction and analysis.
2.2 | Sample preparation
Thawed mucosa subsamples were homogenized with ice-cold 
phosphate-buffered saline (PBS; 0.1 M, pH 7.0, 1:5 w:v) using an 
Ultra Turrax T25 (IKA) at 9,500 rpm for 30 s. After centrifugation 
(15,000 g, 15 min, 4°C), the supernatant was divided into small por-
tions and stored at −80°C for glycosidase assays. Digesta homogen-
ates were prepared in a similar way (1:4 w:v), with extra filtration of 
the supernatant over a paper filter (particle retention: 12–15 µm). 
Samples and supernatants were kept on ice during the entire proce-
dure to prevent enzyme degradation.
2.3 | Glycosidase activity assays
The activities of α-glucosidase (αGLU), β-glucosidase (βGLU) and 
β-galactosidase (βGAL) were determined using the release rate of p-
nitrophenol (pNP) from its respective p-nitrophenyl glycoside. The 
substrates p-nitrophenyl α-D-glucopyranoside (pNPαGlc), p-nitro-
phenyl β-D-glucopyranoside (pNPβGlc) and p-nitrophenyl β-D-
galactopyranoside (pNPβGal; all purchased from Carbosynth Ltd.) 
were dissolved in PBS to obtain stock solutions, which were 
subsequently pre-incubated at the reaction temperature. The re-
action mixtures (final pH 7.0) were prepared in 96-well plates by 
mixing one volume of supernatant with three or one volumes of 
the appropriate substrates (10 mmol/L) for mucosa and digesta 
samples respectively. Next, the plate was immediately transferred 
to the absorbance reader (Tecan Infinite M Nano) where it was 
incubated at 37°C during the entire reading process. The release 
TA B L E  1   Ingredient and analysed nutrient composition of the 
weaner and starter diet (g/kg as fed)
 Weaner Starter
Compounds
Wheat 272 307
Barley 250 250
Corn 150 150
Soybean meal 112 170
Sunflower meal 40 60
Whey powder 75 -
Potato protein 40 -
Soybean oil 19 17.5
Premix minerals and vitaminsa  5 5
Lime (fine) 10 12
Monocalcium phosphate 11 12
Salt 2.3 3.2
Sodium bicarbonate 3.7 3.2
L-Lysine 5 5
DL-Methionine 1.8 1.4
L-Threonine 2 2.15
L-Tryptophan 0.6 0.4
L-Valine 0.8 0.75
Analysed nutrient composition
Dry matter 880 879
Crude ash 49.0 54.2
Crude protein 199 174
Crude fat 33.7 34.0
Crude fibre 37.3 61.9
Calcium 7.5 8.9
Phosphorus 6.2 7.3
aProviding per kg of diet: vit A (retinyl acetate), 15,000 IU; vit D3 
(cholecalciferol), 2,000 IU; vit E (all-rac-alpha-tocopherylacetate), 
50.0 mg; vit K3 (menadione), 4.0 mg; vit B1 (thiamine mononitrate), 
3.1 mg; vit B2 (riboflavine), 8.0 mg; vit B3 (calcium-D-pantothenate), 
20 mg; vit B6 (pyridoxine hydrochloride), 6.0 mg; vit B12 
(cyanocobalamine), 50.0 µg; vit PP (niacinamide), 40.0 mg; folic acid, 
2.0 mg; biotin, 0.3 mg; betaine anhydrate, 285 mg; endo-1,4-beta-
glucanase E3.2.1.4, 250 TGU; endo-1,4-beta-xylanase E3.2.1.8, 
560 TXU; 6-phytase, 500 OTU; Fe (iron(II)sulphate monohydrate), 
24.0 mg; Cu (copper(II)sulphate pentahydrate), 155.0 mg; Zn (Zn 
MHA), 100.0 mg; Mn (manganese(II)oxide), 48.0 mg; I (calcium iodate 
anhydrate), 1.9 mg; Se (sodium selenite), 200 µg; Se (selenomethionine 
produced by Saccharomyces cerevisae NCYC-R397), 100 µg; E306 
extract of vegetable oils rich in tocopherols, 228 mg; clinoptilolite, 
1.64 g, aromatic compounds, 72 mg. 
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F I G U R E  1   Boxplots of the mucosal 
glycosidase activity at three sites in the 
small intestine of piglets at different ages 
relative to weaning (=day 0). One unit (U) 
equals 1 mmol of p-nitrophenol released 
per min per g protein. (a) α-glucosidase; 
(b) β-glucosidase; (c) β-galactosidase. 
a,bRepresent the effect of days post-
weaning within each gastrointestinal 
compartment (p ≤ .05). x,yRepresent the 
effect of gastrointestinal compartment 
within each day post-weaning (p ≤ .05)
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of pNP was measured kinetically for 12 min (nine cycles with a 
90 s interval) at 405 nm. All samples were analysed in triplicate. 
The glycosidase activities were calculated with a standard curve 
of pNP dissolved in the same PBS buffer (pH 7.0) and expressed in 
units, with one unit (U) corresponding with 1 mmol of pNP released 
per min per g protein or with 1 nmol of pNP released per min per g 
fresh matter, for mucosa and digesta respectively.
2.4 | Protein determination
The protein concentration of the mucosal supernatants was de-
termined by the bicinchoninic acid method as described by Smith 
et al. (1985), with a sample to standard working reagent ratio of 
1:8 and an incubation period of 30 min at 37°C. Bovine serum al-
bumin was used as a standard. All chemicals were bought from 
Sigma-Aldrich.
2.5 | Statistical analysis
Data analysis was performed with spss statistics 25.0 program 
(SPSS). Assumptions of normality and equality of variances were 
checked using the Shapiro–Wilkinson and Levene's test respectively. 
Data were analysed separately for the effect of day post-weaning 
within GI site and for the effect of GI site within day post-weaning. 
Glycosidase activities in digesta were not normally distributed and 
therefore analysed by Kruskal–Wallis non-parametric tests in combi-
nation with Dunn's post hoc tests. Mucosal activities were analysed 
by the one-way ANOVA procedure combined with Tukey's post hoc 
tests. In case of heteroscedasticity, the Welch correction was used 
with Games–Howell post hoc tests. Statistical significance was de-
termined on the 5% level. Data are presented as calculated means 
with SEM.
3  | RESULTS
3.1 | Glycosidase activity in mucosa of piglets
The activities of three key glycosidase activities: αGLU, βGLU and 
βGAL, measured at three different sites in the small intestinal mu-
cosa and at different time points around weaning are given in 
Figure 1. Generally, the αGLU activity in mucosa was much lower 
(1.4 U) as compared to βGLU (15.2 U) and βGAL (23.4 U; p < .001). 
Furthermore, weaning did not induce any significant changes in 
mucosal αGLU activity at either of the three sampled sites. The 
activities of βGLU and βGAL, on the other hand, were affected by 
the weaning event at all three sites. On w+2, βGLU levels were sig-
nificantly reduced as compared to w−10 by 60%, 51% and 79% in 
duodenum, proximal and distal jejunum, respectively, with interme-
diate levels at w0. These low activities persisted in the post-weaning 
period until w+28. A similar decline was found for βGAL at the level 
of duodenum, with activity reductions of 43% and 29% on w+2 as 
compared to w−10 and w0, respectively. In proximal and distal jeju-
num, there was a numerical decrease in βGAL activities from w−10 
until w+2. Here, levels reached their minima on w+5 and were 46% 
(p = .033) and 68% (p = .002) lower than on w−10 respectively. 
Likewise, the βGAL activities remained at the lower level during the 
rest of the measured post-weaning period.
For αGLU, significant differences between mucosal sites were 
found only on w0 and w+28. On both occasions, the lowest activ-
ity was observed in duodenum (1.1 and 1.0 U on w0 and w+28 re-
spectively), while the highest activity was found in distal jejunum at 
weaning (1.6 U) and in proximal jejunum on w+28 (1.7 U). The βGLU 
and βGAL activities were significantly affected by mucosal site from 
w+5 up to w+28. In that period, the levels of βGLU and βGAL in dis-
tal jejunum were 1.9–3 times and 1.4–2 times lower, respectively, as 
compared to duodenum and proximal jejunum.
3.2 | Glycosidase activity in digesta of piglets
The glycosidase activities of the intestinal contents are represented 
in Table 2. Similar to mucosa, the αGLU activities in digesta (over-
all mean 60 U) were much lower than those of βGLU (199 U) and 
βGAL (298 U; p < .001). Moreover, activities in stomach digesta were 
very low for all three measured enzymes with the highest activities 
measured at w−10 (26, 22 and 38 U for αGLU, βGLU and βGAL re-
spectively), while at w+28 almost no activity was left (<2 U for all 
enzymes). No clear effect of weaning could be distinguished here. 
The αGLU activity showed a similar age pattern in the digesta of the 
three small intestinal sections. First, there was a numerical increase 
in hydrolysis rates between w−10 and w0. Weaning reduced the 
αGLU activities significantly, resulting in 91%, 86% and 90% lower 
levels in SI1, SI2 and SI3, respectively, on w+5 as compared to w0. 
Thereafter, values recovered to pre-weaning levels at w+28. The 
activities of βGLU and βGAL in small intestinal contents were very 
similar in terms of age-related pattern as well as absolute values. 
High activities were measured at w−10. For βGLU, values amounted 
to 328, 987 and 1,032 U in SI1, SI2 and SI3 respectively. Similarly, 
βGAL levels were 338, 1,116 and 1,146 U for the respective small 
intestinal sites. Unfortunately, there are no data for βGLU and βGAL 
activity at weaning in SI3 due to the low digesta quantity in this part 
of the intestine at that time. For both βGLU and βGAL, there was 
at least a 10-fold reduction in activity on w+5 as compared to pre-
weaning levels along the small intestine. These low activities per-
sisted until w+14 and thereupon increased again at w+28 to levels 
that amounted to maximally one third of the pre-weaning levels. 
In caecal contents, all three enzymes showed a similar age pattern. 
Activities were high until w+2 with numerical maxima at w+2 for 
αGLU (83 U) and at w0 for βGLU (535 U) and βGAL activities (889 U). 
Next, values decreased to minima of 8, 9 and 29 U for αGLU, βGLU 
and βGAL, respectively, at w+14 and remained low until w+28. At the 
level of the colon, no significant differences could be found between 
the sampling points for any of the measured enzymes, although the 
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βGAL levels dropped numerically from w+5 on to levels that were 
approximately 70% lower as compared to pre-weaning levels.
The glycosidase activities in the contents of different GI sites 
were compared for each time point (Table 2). The lowest hydroly-
sis rates were found in the stomach contents for all measured en-
zymes and this irrespective of the day of measurement. Statistically 
significant differences were almost exclusively found between the 
activities in stomach and the site with the highest activity at that 
time. For example, at w0 and w+28, the highest αGLU levels were 
found in SI2 (160 and 231 U) and SI3 (266 and 214 U respectively), 
whereas the colon accounted for the greatest activity during the 
first two weeks post-weaning (112, 60 and 106 U for w+2, w+5 
and w+14 respectively). Moreover, there was considerable vari-
ation in the enzyme activities between individual animals at the 
same GI site and time point, leading to fairly high standard errors. 
In the colon at w+14, for instance, there was a 133-fold difference 
TA B L E  2   Glycosidase activity in digesta at different gastrointestinal sites and at different ages (expressed in units (U) defined as nmol/
min/g digesta)
Age1  Stomach SI12  SI2 SI3 Caecum Colon Mean SEM
p-
value
α-glucosidase (U)
w−10 25.9a 18.5ab 61.5abc 65.6ab 48.7ab 64.4 46.8 4.9 .013
w0 4.0ab,y 72.4a,xy 160.0ab,x 265.9a,x 76.4a,xy 39.3xy 93.3 17.2 <.001
w+2 2.9ab,z 13.2ab,yz 46.0bc,xyz 82.9ab,xy 83.3a,xy 111.7x 58.8 9.4 .001
w+5 4.7ab,z 6.8b,yz 22.0c,xyz 26.5b,xy 29.4ab,xy 59.9x 24.8 4.5 <.001
w+14 9.4ab,y 15.8ab,xy 42.7bc,xy 74.0ab,x 7.9b,y 106.1xy 40.8 8.7 .001
w+28 0.9b,y 72.5ab,xy 231.0a,x 213.7a,x 11.6b,xy 50.1xy 102.0 19.4 <.001
Mean 8.5 33.1 94.4 112.0 45.5 71.8    
SEM 2.9 8.9 15.2 18.1 6.9 9.3    
p-value .032 .049 <.001 .001 .001 .172    
β-glucosidase (U)
w−10 22.1z 328.0ab,xyz 986.8a,x 1,031.5a,xy 148.9ab,xyz 76.4yz 388.3 80.1 <.001
w0 3.0y 445.6a,xy 762.4a,x —3  534.8a,xy 162.0xy 394.5 63.0 .003
w+2 4.1y 74.1abc,xy 274.8ab,xy 413.5ab,x 490.5a,x 266.4xy 252.2 36.2 <.001
w+5 3.2y 27.3c,xy 99.4b,x 92.1b,x 44.6ab,xy 62.4x 56.3 7.7 <.001
w+14 5.5y 33.4bc,xy 75.6b,xy 88.3b,x 8.7b,xy 76.4xy 48.7 8.2 .003
w+28 1.8z 123.2abc,xyz 285.4ab,x 251.7ab,xy 14.7b,yz 68.3xyz 127.7 23.3 <.001
Mean 7.2 161.9 385.0 328.6 212.4 119.9    
SEM 2.6 36.3 64.8 66.7 43.3 18.0    
p-value .208 .002 <.001 .001 <.001 .066    
β-galactosidase (U)
w−10 38.2a,y 338.0a,x 1,116.4a,x 1,145.9a,x 763.3a,xy 637.0xy 640.6 97.2 .001
w0 18.8ab,y 468.8a,xy 864.1a,xy —3  889.3a,x 765.1xy 615.1 89.4 .013
w+2 2.7ab,y 77.1ab,xy 273.6ab,xy 496.8ab,x 645.3a,x 862.0x 388.4 65.5 <.001
w+5 4.9ab,z 25.5b,yz 92.5b,xyz 92.4b,xyz 145.4ab,xy 209.3x 95.0 14.3 <.001
w+14 12.9ab,y 33.3ab,xy 68.5b,xy 95.5b,x 28.6b,xy 268.0xy 86.6 24.1 .005
w+28 1.4b,y 123.5ab,xy 287.4ab,x 236.8ab,x 37.1b,xy 199.3x 147.6 24.1 <.001
Mean 12.8 167.1 415.7 361.2 415.8 449.0    
SEM 4.0 38.1 75.4 76.6 74.7 71.2    
p-value .027 .002 0 .002 0 .008    
Values with different superscripts (a,b) within a column are significantly affected by age (p ≤ .05); Values with different superscripts (x,y) within a row 
are significantly affected by small intestinal site(p ≤ .05).
1w−10, w0, w+2, w+5, w+14 and w+28: animals sampled 10 days before weaning, on the weaning day and 2, 5, 14 and 28 days after weaning 
respectively. 
2SI1, SI2 and SI3: small intestinal segments of 0%–25%, 25%–75% and 75%–100% of the total length respectively. 
3Values not determined due to low quantity of digesta available. 
P-values in bold indicate significant differences.
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between the lowest (5 U) and the highest (646 U) βGAL activity 
measured (data not shown).
4  | DISCUSSION
The bioavailability of phenolic glycosides included in pig diets de-
pends on the glycoside hydrolysing capacity of the GI tract (Manach 
et al., 2004). To predict the fate of these phytochemicals after in-
gestion, it is important to map the functional glycosidase activity 
present at the different GI sites. Therefore, we mapped glycosidase 
activity in mucosa and digesta of pigs, predominantly derived from 
endogenous and microbial enzymes respectively.
4.1 | Glycosidase activity in mucosa of piglets
The αGLU activity in the small intestinal mucosa of pigs is derived 
from five carbohydrases. They are all located on the brush border 
and four of them occur in pairs, as subunits of a binary complex. 
The first complex consists of a sucrase subunit (EC 3.2.1.48), which 
hydrolyses sucrose and maltose, combined with an isomaltase sub-
unit (EC 3.2.1.10), splitting maltose and more generally α-(1 → 6) 
glucose bonds in various oligosaccharides. The second complex is 
composed of two subunits with similar substrate specificity: maltase 
(EC 3.2.1.20) and glucoamylase (EC 3.2.1.3). Both are able to hydro-
lyse maltose and, in general, to split terminal glucose units from the 
non-reducing end of α-(1 → 4) glucose chains. The fifth carbohy-
drase is trehalase (EC 3.2.1.28) which catalyses trehalose hydroly-
sis in the small intestine (Galand, 1989; Kidder & Manners, 1980). 
These five carbohydrase activities have been shown to be absent 
or, in case of maltase–glucoamylase, very weak in piglets at birth. 
Nevertheless, they develop rapidly to significant levels within one 
to two weeks of age (Aumaitre & Corring, 1978; Bailey, Kitts, & 
Wood, 1956; Dahlqvist, 1961a). Additionally, these activities keep 
on increasing with age until they reach a maximal level around 200–
300 days of age (maltase–glucoamylase and trehalase) or without 
a plateau until far beyond that age (sucrase-isomaltase) (Kidder & 
Manners, 1980). However, next to a natural evolution with age, 
α-glucosidases are also to a variable extend affected by the weaning 
event. Sucrase and isomaltase activities measured at 5 days post-
weaning were significantly lower in the small intestine of weaned 
piglets as compared to sow-reared controls (Miller, James, Smith, & 
Bourne, 1986). Also, the weaning-induced decline in sucrase activ-
ity was found to be transient with minimal levels occurring around 
5 days post-weaning and partial recovery at 11 days post-weaning 
(Hampson & Kidder, 1986). Even more, Kidder and Manners (1980) 
demonstrated that at 2 and 5 weeks post-weaning, the sucrase and 
isomaltase activities were even higher in weaned piglets as com-
pared to sow-reared piglets. Maltase activity at 5 days post-weaning 
remained unaltered in response to weaning at 3 weeks, while wean-
ing at 5 weeks of age caused the enzyme activity to increase (Miller 
et al., 1986). Increased maltase and glucoamylase activities were also 
reported by Kelly, Smyth, and McCracken (1991) for continuously 
fed piglets weaned at 2 weeks of age as compared to their sow-
reared peers. These increases in carbohydrase activities are most 
likely induced by substrate availability, on top of the age-related in-
creases (Kelly et al., 1991). So far, limited attention has been paid 
to the impact of weaning on trehalase activity in literature, mainly 
because of the relatively low abundance of both the enzyme and its 
specific substrate, trehalose. Indeed, the latter is restricted to mush-
rooms, yeast, insects and seaweed, which are not commonly found 
in pig feed (van Beers, Büller, Grand, Einerhand, & Dekker, 1995). 
The functional αGLU activity quantified in this work is a combination 
of these five brush border carbohydrases. The share of each enzyme 
in the total activity measured remains unclear. This was, however, 
not the objective of the experiment, as we were only interested in 
the total capacity of the gut to hydrolyse glycosidic bonds, irrespec-
tive of its origin. Weaning nor age in general had an effect on the 
activity of αGLU levels in the small intestinal mucosa of the studied 
piglets. The lack of a weaning-induced response might indicate that 
the maltase–glucoamylase complex is able to compensate for the 
loss in sucrose–isomaltase activity in the immediate post-weaning 
period. Aumaitre and Corring (1978) also reported relatively con-
stant levels of sucrase and maltase activities along the small intes-
tine between 3 and 8 weeks of age. However, these piglets were 
not weaned; thus, it remains unclear why the αGLU activity in our 
experiment did not increase at all with age. Concerning the distribu-
tion of αGLU along the small intestine, it can be stated that the ac-
tivities of all α-carbohydrases in the brush border, except trehalase, 
are very low in the duodenum, especially in young piglets (Aumaitre 
& Corring, 1978; Kelly et al., 1991; Kidder & Manners, 1980). This is 
consistent with our findings in the sense that when differences were 
found (at w0 and w+28), the lowest value was found at 2.5% of small 
intestinal length. Around 3 weeks of age, Kidder and Manners (1980) 
found all α-carbohydrases to be quite evenly distributed over the 
small intestine, while Kelly et al. (1991) identified also an even distri-
bution of maltase and glucoamylase, but a maximum for sucrase ac-
tivity at approximately 30%. Two to five weeks post-weaning, these 
maxima shifted towards more distal regions (between 60% and 80%) 
(Kidder & Manners, 1980). Our results are rather opposite, with 
maximal αGLU values at 75% of small intestinal length at weaning 
and at 25% at 4 weeks post-weaning. This difference might be due to 
the determination of an overall αGLU activity in our experiment vs. 
the measurement of separate carbohydrases. Additionally, there was 
a considerable inter-individual variation in measured activities within 
age groups, as was also described by Kidder and Manners (1980), 
indicating that the αGLU distribution along the gut might be variable 
in young piglets.
The sixth carbohydrase present in the brush border is lactase 
(EC 3.2.1.108), the sole enzyme in the small intestine that is able 
to hydrolyse lactose and thus possesses βGAL activity (Huërou-
Luron, 2002). It occurs as a complex, called lactase phlorizin 
hydrolase (LPH), together with a second subunit possessing gluco-
cerebrosidase (EC 3.2.1.62) activity (Day et al., 2000). Lactase ac-
tivity is very high in newborn piglets, particularly in the duodenum. 
8  |     VAN NOTEN ET Al.
These high values are obvious from a physiological point of view, as 
lactase is the key enzyme to digest lactose in sow's milk (Aumaitre 
& Corring, 1978; Dahlqvist, 1961a). The lactase activity reaches a 
maximum during the first week and then declines with advancing 
age in suckling piglets. Although the activity decreases along the 
whole small intestine, this process is most pronounced in the dis-
tal part (Aumaitre & Corring, 1978; Kidder & Manners, 1980). On 
top of the age-related loss in enzyme levels, weaning causes the 
lactase-specific activity to decrease tremendously during the first 
5 days after weaning (range: 55%–90% reduction) (Boudry, Péron, Le 
Huërou-Luron, Lallès, & Sève, 2004; Hampson & Kidder, 1986; Kelly 
et al., 1991; Miller et al., 1986). Significant differences in lactase ac-
tivity between weaned and sow-reared piglets were no longer found 
at 2 and 5 weeks post-weaning (Kidder & Manners, 1980). The func-
tional βGAL activity measured in the current study accords well with 
the described age and weaning-related patterns. The βGAL level in 
the duodenum decreased numerically between w−10 and w0, pos-
sibly indicating the age-induced decline. Also, weaning caused the 
activity to drop significantly at all sites. Minimal values were mea-
sured 5 days post-weaning and ranged between 32% and 63% of 
the pre-weaning values. The activity stayed at this lower level until 
28 days post-weaning. Hence, the βGAL activity did not recover in 
the measured period, nor was it decreased by the removal of lactose 
from the feed at 14 days post-weaning. These findings support the 
assumption that the decline of intestinal lactase activity with age is 
genetically determined and occurs irrespective of the lactose con-
tent of the diet (Aumaitre & Corring, 1978; Huërou-Luron, 2002). 
Differences in distribution of the βGAL activity at the measured 
sites became evident from 5 days post-weaning on, when values in 
the distal jejunum were 31%–50% lower than in the duodenum and 
proximal jejunum. This distribution corresponds well to the patterns 
described in literature where the highest and lowest activities can 
roughly be found from duodenum to mid-jejunum and in the distal 
ileum respectively (Boudry et al., 2004; Kelly et al., 1991; Kidder & 
Manners, 1980).
In the small intestine of mammals, four enzymes with βGLU ac-
tivity are present. The first enzyme is lysosomal glucocerebrosidase 
(EC 3.2.1.45), a membrane-bound β-glucosidase which catalyses the 
hydrolysis of glucosylceramides into glucose and the correspond-
ing ceramide. However, this enzyme has a pH optimum in the acidic 
range (Glew, Gopalan, Forsyth, & VanderJagt, 1993); thus, it was 
supposedly not measured under the neutral pH conditions of the 
current assay. A second enzyme, pyridoxine-β-D-glucoside hydro-
lase, can be found in the cytosol of enterocytes. It has a very high 
substrate specificity, hydrolysing only a specific glycosylated deriv-
ative of vitamin B6, but not pNPβGlc (McMahon, Nakano, Levy, & 
Gregory, 1997). Therefore, pyridoxine-β-D-glucoside hydrolase had 
no share in the βGLU activity measured in our experiment. A third 
intracellular enzyme is cytosolic β-glucosidase (CBG), also known as 
broad specificity β-glucosidase. CBG has been shown to hydrolyse a 
variety aryl β-glycosides, including pNPβGlc and pNPβGal. Moreover, 
CBG has a pH optimum in the range 6.0–7.0 (Glew et al., 1993; 
McMahon et al., 1997) and, therefore, most likely contributed to the 
βGLU activity measured in our experiment. The fourth enzyme is 
LPH, which has been shown to hydrolyse a variety of β-glycosidic 
bonds, including pNPβGlc (Skovbjerg, Norén, Sjöström, Danielsen, 
& Enevoldsen, 1982). The βGLU activity is mainly ascribed to the 
lactase and not the phlorizin subunit (Day et al., 2000). Indeed, sim-
ilar to βGAL, the βGLU activity was also shown to be high at birth 
(Dahlqvist, 1961a). In the current experiment, the largest βGLU val-
ues were measured 10 days before weaning at the three small in-
testinal spots. In the duodenum, the activity decreased significantly 
between w−10 and w0 (−24%), while the decreases were only nu-
merical in the more distal sites. Weaning caused the βGLU activities 
to fall significantly as well, and thereafter, the values stayed low until 
28 days post-weaning. The minimum βGLU activities in the duode-
num and proximal jejunum were measured 5 days post-weaning and 
were 50% and 54% lower, respectively, as compared to pre-weaning 
values. In the distal jejunum on the other hand, the minimal value, 
that was obtained at w+14, was approximately 80% lower as com-
pared to pre-weaning levels. From 5 days post-weaning, the βGLU 
levels in duodenum and proximal jejunum were approximately dou-
ble those of the distal jejunum. The similarity in pattern of βGLU and 
βGAL activities in our mucosal data is striking, although βGLU activ-
ities are consistently lower than βGAL. This supports the hypothesis 
that both activities might originate from the same enzyme, in case 
LPH, as was already suggested by Dahlqvist (1961b).
4.2 | Glycosidase activity in digesta of piglets
Glycosidase activity in digesta originates from different sources. The 
pancreatic enzyme α-amylase (EC 3.2.1.1) might contribute to the 
αGLU activity in the proximal small intestine. However, it is an endo-
hydrolysing enzyme usually working on polysaccharides with three 
or more glucose units, thus not very active towards monoglucosides 
(Carbohydrate-Active Enzymes [CAZy] database, http://www.cazy.
org/). Moreover, β-glucosides and β-galactosides are resistant to 
pancreatic enzymes (Arts et al., 2004). Glycosidase activity can also 
be derived from mature enterocytes that are shed into the gut lumen 
during the continuous process of epithelial renewal. Yet, the contri-
bution of this process is thought to be rather limited. Enzyme ac-
tivities measured in the digesta of the piglets might also be derived 
from the feed, as cereals have been shown to possess glycosidase 
activity (Gelman, 1969; Morant et al., 2008). Furthermore, different 
glycosidase activities have been identified in bovine milk, including 
βGLU and βGAL (O'Riordan, Kane, Joshi, & Hickey, 2014). To our 
knowledge, no data are available about the glycosidase activity in 
sow milk, but a contribution of milk glycosidases to the measured ac-
tivities cannot be excluded. However, the main source of glycosidase 
activity in the gut lumen is generally ascribed to the intestinal bac-
teria (Knaup et al., 2007). Indeed, many common genera of gut mi-
crobiota display glycosidase activities. For instance, lactobacilli were 
shown to possess high levels of α- and β-galactosidase, while ente-
rococci produce large amounts of β-glucosidase and lower amounts 
of β-galactosidase (Hawksworth, Drasar, & Hili, 1971). The pivotal 
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role of microbiota was also evinced by incubations of a quercetin 
glucoside with ileostomy fluid, wherein the hydrolysis rate showed a 
linear relation with the added amount of fluid, and thus with the mi-
crobial content. Moreover, no hydrolysis occurred after addition of 
antibiotics (Knaup et al., 2007). Similarly, Keppler and Humpf (2005) 
demonstrated that anthocyanins were hydrolysed to their aglycons 
by fresh caecal inoculum of pigs, but not by sterilized inoculum.
Unlike in humans, the pH in the stomach of piglets is suffi-
ciently high to allow the growth of certain groups of bacteria, like 
lactobacilli and bifidobacteria (Hawksworth et al., 1971), but the 
total abundance is still low as compared to the other GI segments 
(Su, Yao, Perez-Gutierrez, Smidt, & Zhu, 2008). Accordingly, the 
measured glycosidase activities in the stomach contents in the 
present study were very low (<40 U) and apparently unaffected 
by the weaning event. The latter is rather unexpected as wean-
ing induces abrupt changes in the bacterial composition and func-
tionality in stomach as well as the more distal GI segments (Frese, 
Parker, Calvert, & Mills, 2015; Su et al., 2008). However, Tao, Xu, 
and Wan (2015) did not detect changes of microbial diversity in the 
stomach of piglets during the first week post-weaning. Our results 
suggest that the microbial composition in the stomach was not af-
fected by weaning or alternatively, if weaning induced changes in 
bacterial composition, this did not necessarily alter the glycoside 
hydrolysing potential. In the small intestine on the contrary, the al-
terations in glycosidase activities determined in our study accord 
well with the microbial changes described in literature. Dramatic 
decreases (range sevenfold to 20-fold) in activity levels of all three 
measured glycosidases were registered 5 days post-weaning, with 
partial (βGLU and βGAL) or complete (αGLU) recovery to pre-wean-
ing levels at 28 days post-weaning. Comparably, in piglet ileum a 
decrease in both species richness and diversity of lactobacilli has 
been described at 5 days post-weaning with a partial recovery 
11 days post-weaning (Janczyk, Pieper, Smidt, & Souffrant, 2007). 
Konstantinov et al. (2006) reported a reduction in the total lacto-
bacilli counts from 4 days until 13 days post-weaning accompanied 
by the emergence of clostridia and Escherichia coli. Similarly, a gen-
eral loss of microbial diversity was described in the ileal contents 
of piglets during the first week post-weaning, with the most dra-
matic changes occurring 4 days post-weaning (Tao et al., 2015). 
These alterations in microbiota also involved a shift in metabolic 
activities from a milk-based metabolism towards the digestion of 
plant-derived carbohydrates (Janczyk et al., 2007; Konstantinov 
et al., 2006). As lactobacilli are shown to possess mainly βGAL, 
but also αGLU and βGLU activities (Hawksworth et al., 1971), it 
can be hypothesized that the observed drop in hydrolytic activity 
5 days post-weaning is caused by the reduced abundance of lac-
tobacilli, while the emergence of clostridia post-weaning might af-
fect the recovery of αGLU levels. In the caecum, weaning-induced 
effects seemed to strike later than in the small intestine, as the 
lowest activities (<10% of the pre-weaning values) were measured 
14 days post-weaning for all determined enzymes and remained 
low until 28 days post-weaning. In colonic contents, no significant 
weaning-induced effects were determined, although numerical 
values of βGAL and, to a lesser extent, βGLU dropped from 5 days 
post-weaning on. Castillo, Martín-Orúe, Nofrarías, Manzanilla, and 
Gasa (2007) did not find significant changes in total bacterial num-
bers or richness in caecal contents of piglets 7 days post-weaning. 
However, major decreases in Enterococcus spp (>102 cfu/g) were re-
ported in the caecum and colon of piglets at 5–11 days post-weaning 
(Pieper, Janczyk, Schumann, & Souffrant, 2006). Additionally, Chen 
et al. (2017) reported decreased relative abundances of Escherichia/
Shigella, Bacteroides, Fusobacterium and Lactobacillus in faecal sam-
ples of piglets 10 days post-weaning as compared to pre-weaning. 
These findings might explain the decreases in βGLU and βGAL in 
our experiment. Likewise, loss of microbial diversity in the colon 
was reported 4 days post-weaning (Tao et al., 2015). Nonetheless, 
microbial shifts in the distal GI tract and stomach were found to be 
less pronounced than in the small intestine (Pieper et al., 2006; Tao 
et al., 2015), possibly relating to less dramatic changes in glycosi-
dase activity at those sites in the current study. Also, when com-
paring the enzyme activities across the GI tract per age group, it is 
apparent that the greatest activities are found in the jejunum and 
ileum before weaning and when the weaning dip has been over-
come (w+28). In contrast, the caecum and colon were the greatest 
source of glycosidase activity during the first 2 weeks post-wean-
ing, possibly because of the larger bacterial numbers present in 
the distal GI tract and their greater resilience at those sites (Drew, 
Van Kessel, Estrada, Ekpe, & Zijlstra, 2002; Pieper et al., 2006; Su 
et al., 2008).
It is clear that the glycosidase activities in mucosa and digesta 
are affected by the weaning event and the GI site. In addition, our 
data suggest that the hydrolysis of glycosides is highly dependent 
on the sugar moiety and configuration of the glycosidic bond (α 
vs. β). Indeed, the importance of the nature, position and amount 
of the sugar units has been demonstrated in multiple papers (Arts 
et al., 2004; Knaup et al., 2007; Wu, Pittman, McKay, & Prior, 2005). 
Further, the significance of the aglycon for the hydrolysis efficiency 
has also been evidenced. In this respect, it has been shown that the 
hydrolysis rates of synthetic pNP-glycosides are generally higher 
than those of dietary glycosides, consisting of aglycons such as 
quercetin (Knaup et al., 2007) and hydroquinone (Blaut et al., 2006; 
Németh et al., 2003). Therefore, the glycosidase activities measured 
in this experiment are likely a slight overestimation of the in vivo 
situation.
An additional difficulty in the assessment of the behaviour of 
glycosides in the GI tract is the large inter-individual variation in 
hydrolysis rates, in both mucosa and digesta. Part of the variation 
in digesta could probably have been reduced by expressing the ac-
tivities on dry matter, instead of fresh matter basis. Unfortunately, 
the quantity of many digesta samples was insufficient to determine 
the dry matter content, especially in the younger piglets. A high 
degree of inter-individual variability was also encountered when 
measuring glycosidase activities in human saliva (Walle, Browning, 
Steed, Reed, & Walle, 2005), ileostomy fluid (Knaup et al., 2007) 
and mucosa (Németh et al., 2003). Although variation in glycosi-
dase activities between humans could be related to differences in 
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diets, lifestyle and environment, variation between piglets is ex-
pected to be lower, since piglets are kept in similar conditions on 
exactly the same diet and because they are considered genetically 
more homogenous. However, considerable animal to animal varia-
tion in digestive enzyme activity of piglets was also found by Bailey 
et al. (1956) and Kidder and Manners (1980), suggesting that feed 
intake, stage of physiological development and genetics might play 
a role. Therefore, chronological age seems to be a poor indicator 
of glycoside hydrolysing capacity. Glycosidase activity is probably 
more correlated to physiological age and reflects the ability of the 
pig to cope with weaning stress and adapt to new feed compo-
nents (Bailey et al., 1956; Castillo et al., 2007; Janczyk et al., 2007). 
Moreover, bacterial and mucosal glycosidase activities might be to 
a certain extent interrelated. Indeed, the presence of certain bacte-
rial strains was shown to stimulate brush border enzyme activities 
as compared in germ-free piglets (Kozakova et al., 2006) and the 
regulation of the enzyme activities around weaning happens mainly 
on the post-transcriptional level (Marion et al., 2005), but more re-
search is warranted to investigate this relation. Additionally, it would 
be of interest to further investigate the substrate effects of glyco-
sides present in the sow milk (e.g., glucose and galactose containing 
oligosaccharides) (Difilippo et al., 2016) or in feeds (e.g., genistein 
and daidzein from soy) (Manach et al., 2004) on the activity of the 
corresponding glycosidases. Still, the measured functional activities 
are useful as a first indication of the hydrolysing capacity of the gut 
and as a tool to predict the behaviour of dietary or synthetic glyco-
sides in the GI tract. Moreover, new glycosides might be designed 
based on the glycosidase data for the release at specific GI sites or to 
alter the bioavailability.
It can be concluded that the glycosidase activity in mucosa and 
digesta of piglets is affected by the weaning transition, with the 
most pronounced decreases in activity levels occurring on day 5 
post-weaning. During this critical period, both the endogenous and 
microbial hydrolytic capacities are affected. Furthermore, there is a 
gradient in the glycoside hydrolysing capacity along the different GI 
sites and the hydrolysis rates are highly dependent on the sugar moi-
ety (glucose vs. lactose) and type of glycosidic bond (α or β). These 
insights can facilitate the prediction of the fate of existing and newly 
synthetized glycosides after oral ingestion.
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